Purpose: Tasquinimod (Active Biotech) is an oral immunomodulatory, anti-angiogenic, and antimetastatic agent that delayed metastatic disease progression in a randomized placebo-controlled phase II trial in men with metastatic castration-resistant prostate cancer (mCRPC). Here, we report long-term survival with biomarker correlates from this trial.
Introduction
The number of treatment options for metastatic castration-resistant prostate cancer (mCRPC) has recently increased, including immunotherapy (sipuleucel-T), chemotherapeutics (docetaxel and cabazitaxel), hormonal therapies (abiraterone acetate and enzalutamide), and bone-targeted therapies (denosumab and radium-223; refs. [1] [2] [3] [4] [5] [6] . Despite these advances, median overall survival (OS) improvements remain modest at 3 to 5 months for active agents, and novel approaches that result in further improvements in survival while minimizing toxicity are needed.
Tasquinimod is a quinoline-3-carboxamide derivative with antiangiogenic, immunomodulatory, and antimetastatic properties (7) (8) (9) (10) . A molecular target for tasquinimod is S100A9 , an immunomodulatory protein expressed on myeloid-derived suppressor cells (MDSC; ref. 11) that is a ligand for RAGE (renaturing agarose gel electrophoresis) and TLR-4 (Toll-like receptor 4). MDSCs are present in the tumor microenvironment and stimulate angiogenesis and immune tolerance (12) . Tumor growth is impaired in S100A9 knockout mice, suggesting S100A9 to be a suitable therapeutic target in oncology (11) . Preclinical studies have shown an impact on TSP-1 (13) and TGF-b1 levels (10) , and based on the potential impact of these molecules on VEGF-C (14, 15) , tasquinimod appears to have unique properties when compared with other anticancer agents in development. In vitro studies have also described histone deacetylase 4 (HDAC4) to be a potential target, which needs to be further addressed. Tasquinimod binding to HDAC4 may result in reductions in stress-mediated hypoxia signaling and angiogenesis induction in the tumor microenvironment (16) . Overall, these data suggest a multifaceted and novel mechanism for tasquinimod efficacy in prostate cancer that is distinct from other agents that have been evaluated to date.
A phase I dose-escalation trial of oral tasquinimod from 0.25 mg/d up to 1.0 mg/d over 4 weeks in men with CRPC has been performed (17, 18) . The most common side effects were grade 1 to 2 gastrointestinal events and muscle or joint pains. In a randomized double-blinded international phase II trial (17) , in 201 (134 tasquinimod, 67 placebo) men with mCRPC, the primary endpoint of the 6-month progression-free proportion as well as the overall progression-free survival (PFS) was improved in the tasquinimod group (69% vs. 37%, P ¼ 0.0001; 7.6 vs. 3.3 months, P ¼ 0.0042, respectively). In this article, we report long-term follow-up of OS, symptomatic progression, safety, and correlative biomarker studies to determine the overall risk/benefit with this agent in the pre-docetaxel mCRPC state as well as potential predictors of tasquinimod efficacy in the clinic. The exploratory analysis of biomarkers is considered hypothesis generating, and serum biomarkers were selected from those identified in preclinical tasquinimod mechanistic studies or those that have a known prognostic role in the progression of mCRPC.
Materials and Methods

Eligibility criteria and treatment
Eligibility criteria and treatment as well as intervals for laboratory and imaging tests in this study has been published previously (17) ; men with mCRPC who were asymptomatic to minimally symptomatic were eligible. Based on individual tolerability, both groups received once-daily oral dosing of up to 1.0 mg tasquinimod or placebo after initial titration (0.25 mg/d for 2 weeks, then 0.5 mg/d for 2 weeks) and up to 6 months double-blind treatment at their individually tolerated dose level. Asymptomatic patients in the placebo group with disease-progression during the first 6 months or without progression at 6 months were offered tasquinimod open-label treatment (with titration of dose) until disease progression. Patients on tasquinimod with no disease progression at 6 months were offered open-label treatment until progression.
The primary endpoint was number of patients without disease progression (radiologic or symptomatic) after 6 months, with OS being a secondary endpoint. Survival data were collected once per year starting in 2011 through a separate long-term follow-up protocol at participating sites, with mortality data collected through chart review, patient contact, or review of death indices. For patients with no additional information received through the separate longterm follow up protocol, the OS information obtained in the original protocol was used.
This study (ClinicalTrials.gov identifier NCT00560482) was approved by institutional review boards or independent ethics committees, and all subjects provided written informed consent.
Efficacy outcome measures
Symptomatic disease progression was defined as at least one of the following: (i) pain criteria, including regular consumption of narcotic analgesics (single intravenous narcotic medication administration or >10 out of 14 days of oral narcotic use) or radiotherapy for control of tumorrelated pain, a visual analog scale (VAS) pain rating greater than 4 due to cancer pain on two consecutive ratings; (ii) need for radiotherapy or surgery for pathologic fracture or spinal cord compression. PFS was defined as the earliest of symptomatic progression, radiologic progression [using RECIST or Prostate Cancer Working Group 2 (PCWG2) bone scan progression guidelines], or death (17, 19) . Increased prostate-specific antigen (PSA) was not a criterion for progression. Toxicity was evaluated using NCI (National Cancer Institute) CTC version 3.0 criteria. Survival data was collected up to database lock May 9, 2012.
Biomarker analysis
Systemic levels of C-reactive protein (CRP) and lactate dehydrogenase (LDH) were carried out at a central laboratory using commercially available standard assays. Blood samples for these analyses were shipped to the central
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Statistical considerations
The statistics and assumptions for the trial around the primary endpoint have previously been described (17) . For the secondary endpoint of OS, time-to-event variables were analyzed using Kaplan-Meier (KM) methods, and patients without date of death were censored at last date known to be alive. Treatment differences were tested using the log-rank test. HRs and 95% confidence intervals (CI) were estimated with the Cox Proportional Hazard Model using SAS version 9.3. Protocol prespecified OS analyses included the intentto-treat (ITT) population as well as subgroups based on localization of metastases as defined by PCWG2 (19) . Additional exploratory multivariate analyses were performed using previously defined prognostic factors (20, 21) , including the Gleason score, Karnofsky score, alkaline phosphatase, hemoglobin, LDH, PSA, PSA-slope, visceral metastases, and pain, with laboratory values that were logtransformed. The multivariate analysis on the prognostic factors used backward selection where factors with P values greater than 5% were removed (PROC PHREG; SAS). Additional exploratory studies of biomarker levels based on the median levels for a given biomarker were performed at baseline and posttreatment time points to describe the association between biomarker levels with OS and PFS, and correlations of biomarker changes over time with these outcomes. These analyses were descriptive in nature and hypothesis generating for future validation studies.
Results
Patient characteristics
Randomization of 201 (134 tasquinimod and 67 placebo) men in the study occurred between December 2007 and June 2009 at 40 centers in the United States, Canada, and Sweden; 41 patients crossed over from placebo to tasquinimod after a mean duration of approximately 5 months whereas 34 patients who received tasquinimod continued into the open-label phase 6 months after start of therapy. Long-term survival data were obtained on 190 patients from 38 centers up to April 2012, with 111 mortality events (55%) recorded during a median follow-up time of 37 months for patients still alive and database lock of May 9, 2012, with only 5% missing data and in which 55% of patients have died (111 events, 71 tasquinimod and 40 placebo). Notably, poor prognosis factors at baseline such as tumor pain (28% vs. 11%) or visceral metastases (24% vs. 15%) were more common in the tasquinimod group, which also had a higher median baseline PSA level (29 vs. 19 ) and shorter median PSA doubling time (4.2 vs. 5.1 months; Supplementary Table S1).
Efficacy
As previously reported (17), the median PFS was 7. Table S1 ) and had approximately 22 months longer median survival than those that did not cross over (Fig. 1C) . Men who crossed over from placebo to tasquinimod had more favorable prognostic characteristics (supplementary Table 2 ), indicating an element of selection bias during cross-over. Men that did not cross over had a more rapid deterioration in pain, prognostic laboratory markers, and performance status during the double-blind phase prior to cross-over. Time to symptomatic progression was longer in tasquinimod-treated patients (P ¼ 0.039, HR, 0.42; Fig. 1D ) although the median was not reached. The number of symptomatic events was low and included pain (8 vs. 8 events) or skeletal-related events requiring surgery/radiotherapy (1 vs. 1 events). The tasquinimod-treated men had a delay in the onset of these events.
Forest plot analyses for OS were performed both in the ITT population ( Fig. 2A ) and in the bone-metastatic subgroup (Fig. 2B) . In most subgroups, the point estimate for tasquinimod efficacy suggested a treatment benefit for both PFS (17) and OS, with a more pronounced effect in men with baseline bone metastases. These data are consistent with what has been demonstrated previously for PFS (17) . However, the 95% CIs for OS estimates were broad, and firm conclusions on survival endpoints cannot be drawn at this time without a larger sample size.
Multivariate analysis
Given the imbalances in baseline clinical characteristics due to randomization that appeared to favor the placebo arm, we conducted an exploratory multivariable analysis using known CRPC prognostic factors along with the treatment arm to assess their independent role on PFS and OS. Both univariable and multivariable analyses were conducted, and only significant factors were retained in the final multivariable model as per the methods. These factors (20, 21) . In this final model, tasquinimod demonstrated an adjusted HR for PFS of 0.52 (95% CI, 0.35-0.78; P ¼ 0.001) and OS of 0.64 (95% CI, 0.42-0.97; P ¼ 0.034) in the total ITT population (Table 1 ). In the univariable analysis, besides treatment arm in the PFS analysis, baseline PSA was shown to have the strongest prognostic value for both PFS and OS. Using the same parameters in the bone-metastatic subgroup, the adjusted multivariable HR for PFS and OS was 0.51 (95% CI, 0.31-0.85; P ¼ 0.009) and 0.61 (95% CI, 0.38-1.01; P ¼ 0.053; Table 1 ).
Biomarker analysis
During the trial, baseline and on-treatment levels were analyzed for a range of known mCRPC prognostic biomarkers (LDH, BAP, PSA) as well as those relevant for the proposed mechanism of action of tasquinimod on angiogenesis and immune modulation, with a focus on biomarkers identified preclinically or involved in the S100A9 axis, including soluble RAGE (sRAGE; ref. 22) , angiogenesis including thrombospondin-1 (13) and VEGF levels (VEGF-A and C; 23), and immune response including TGF-b1 (10) . These analyses are considered exploratory and hypothesis generating only. A general biomarker of immune activation, CRP, was also evaluated over time.
During the treatment with tasquinimod, a transient increase was observed in levels of TSP-1, VEGF-A, and sRAGE, whereas a sustained increase in CRP levels was observed. However, serum levels of TGF-b1, VEGF-C, were not significantly altered (Fig. 3) . Baseline imbalances in TGF-b1 levels between the treatment arms as well as crossover effects and dropouts due to progression or toxicities made the assessments of longitudinal changes difficult. Levels of BAP and LDH stabilized in tasquinimod-treated men, but increased in men who received placebo (Fig. 3) . Baseline levels of TSP-1 below median were predictive of a survival advantage versus placebo (Fig. 2) , whereas no significant predictive survival benefit was observed using the baseline levels of the other biomarkers studied. However, baseline levels below their respective medians for the majority of the biomarkers evaluated including PSA, BAP, LDH, TSP-1, TGF-b1, and VEGF-C levels were associated with improved OS with tasquinimod as compared with placebo ( Fig. 2) . Similar trends were observed in the PCWG-2 bone-metastatic subpopulation as shown in the forest plots in Fig. 2 .
Safety
Safety during the double-blind phase, as originally reported (17), demonstrated a mild-to-moderate side-effect profile for tasquinimod with gastrointestinal events, muscle and joint pain, or fatigue ( Table 2 ). The majority of AEs were of grades 1 and 2, but treatment was discontinued in 22% of subjects with 16% stopping therapy already during the first 9 weeks of therapy. In most cases, termination due to an adverse event was caused by grades 1 to 2 toxicity. Among the 34 men who continued tasquinimod therapy in the open-label phase and, thereby, received more than 6 months treatment, three (9%) discontinued during the open-label phase; one due to grade 3 anemia and two for grade 2 adverse events.
The most common AEs in the tasquinimod arm were fatigue (29%), nausea (27%), and constipation (25%), whereas the most common grades 3 and 4 adverse events were increased lipase (5%) and muscular weakness (4%). Placebo patients crossing over to tasquinimod had a similar side effect profile after starting tasquinimod (Table 2, Fig. 4 ), although at slightly lower numbers. Nausea (22%) and back pain (15%) were the most common adverse events in this group. Gastrointestinal adverse events were already observed during the dose-escalation phase at both 0.25-and 0.5-mg dose levels. Notably, these events were of transient nature and less commonly observed after 9 weeks of therapy (Fig. 4) . Patients continuing on tasquinimod in the open-label part (months 7-12) of the study had a lower number of AEs, and toxicities of grade 3 or higher were infrequent. Here, the most common AEs were pain in extremity (15%), fatigue (15%), arthralgia (12%), and back pain (12%) with lower incidence of gastrointestinal disorders. Only one event, an asymptomatic lipase increase, was grade 4. In general, the incidence of gastrointestinal disorders was more pronounced during the first 9 weeks of treatment in both arms as well as after cross-over (Fig. 4) . The mean dose of tasquinimod was higher between months 7 and 12 than during the double-blind phase (0.74 vs. 0.60 mg/d).
At least partly due to a lower drug clearance, the risk for side effects with tasquinimod treatment increase with age, and men older than 75 years were more likely to develop AEs (Fig. 4) . As a consequence, dose reductions or terminations during the first 9 weeks were more common among men older than 75 (68%) as compared with men up to 75 years of age (45%). Men older than 75 years received a mean dose of 0.52 mg/d over 106 days, whereas men who were 75 years and younger received a mean dose of 0.66 mg/d over 120 days. Notably, a more detailed analysis indicated that the older group of men was at higher risk only for some classes of AEs (e.g., gastrointestinal disorders such as decreased appetite; Fig. 4) and fatigue, whereas patients younger than 75 years were at higher risk for musculoskeletal disorders. 
Discussion
We previously reported that in this multicenter, doubleblinded, randomized phase II trial, tasquinimod therapy resulted in a prolonged composite PFS (radiographic and symptomatic criteria) as compared with placebo in men with asymptomatic to mildly symptomatic mCRPC (17) . Based on these positive results, tasquinimod is now being evaluated in a phase III international placebo-controlled trial (clinicaltrials.gov number NCT01234311) in men with bone mCRPC. The current survival and long-term safety analysis extends these previous findings, suggesting a survival benefit in a multivariable analysis with a favorable risk/benefit ratio in this disease state.
Delaying radiographic and symptomatic progression, and thereby the need for chemotherapy is of high clinical importance for this group of men. However, it is currently unclear if a delay in PFS leads to improvement in OS. For example, although immune therapies have reported improvements in OS without a noticeable impact on PFS (2, 24), antiangiogenic therapies have reported significantly improved PFS without an increase in OS (25) . In addition to its antimetastatic properties (17, 26) , tasquinimod has both immunomodulatory (10) and VEGF-independent antiangiogenic properties (7); therefore, the relationship of PFS improvement with OS for tasquinimod at present is not clear and requires adequately powered studies to address.
The median survival of 33.4 months in this study is 8 to 12 months longer than previously published in this patient population (2, 24, 27) and similar to that recently reported for abiraterone acetate. For example, the randomized phase II and III trials of sipuleucel-T, prostvac, and zibotentan showed a survival of 24.5 to 25.8 months in the treatment arms (2, 24, 28) , and abiraterone acetate on top of corticosteroids showed 30.1 months in the control arm versus 35.3 months in the abiraterone arm (5, 29) . Similar to abiraterone, the tasquinimod phase II trial enrolled a more favorable chemonaive group of men with mCRPC, suggesting that the OS in these men is likely to be nearly 3 years in the current era. This improved natural history in these selected men with minimal symptoms must be considered in planning for larger definitive trials designed to detect a survival advantage. No patients in the tasquinimod trial had received sipuleucel-T, abiraterone, or enzalutamide prior to entry; however, it is likely that some patients received recently approved second-line therapies or investigational drugs that could have contributed to the prolonged survival observed. Thus, over time, the natural history and OS of these men may continue to improve. The prolonged OS seen in each treatment arm in this trial could not only reflect this enrollment of a favorable prognostic group as well as improved treatment options over the lifetime of these men, but also suggests a potential differential and positive direct effect of tasquinimod on OS.
The improvement in PFS and suggestion of improved OS in the bone-metastatic mCRPC subgroup supports the focus on bone-metastatic patients in the phase III trial. There are several potential reasons for this observation, which was not expected a priori. One possibility is that all subgroups Tasquinimod benefited, as was reported previously (17) , but the bonemetastatic subgroup had the greatest power/sample size to more conclusively demonstrate this benefit. Another possibility is that bone-metastatic disease may have a different biology that leads to a greater benefit with tasquinimod. Preclinical models of PC treated with tasquinimod have demonstrated favorable effects in reducing or delaying both bone and visceral metastatic disease (26) . As S100A9 is expressed in bone, and deficient mice have defective osteoclast activity, one hypothesis is that modulating the myeloid components surrounding a bone metastasis with tasquinimod may reduce pathologic bone resorption and skeletal events over time (30, 31) . Given that metastases in men with CRPC commonly spreads to bone and results in a high rate of bone pain and fractures (32) over time, tasquinimod may result in an overall favorable outcome in this group of men. Biomarker studies in this trial suggested favorable impacts on bone biology and tumor biology through measurements of BAP and the metabolic enzyme LDH, suggesting a delay in the progression of tumor in bone with tasquinimod. These changes were not accompanied by major effects on PSA (33) , suggesting that tasquinimod's effect may be directed at the tumor microenvironment or non-PSA-producing prostate cancer stem cells in the bone (34) . Exploratory biomarker analyses performed in this study indicate that tasquinimod treatment had a more pronounced effect on OS in men with low levels of biomarkers including LDH, BAP, TSP-1, PSA, and VEGF levels. This may reflect chance but may also indicate a greater impact in men with a lower disease burden, similar to the observations for other immunotherapies such as sipuleucel-T (35). We observed a survival benefit with tasquinimod versus placebo in men with systemic TSP-1 levels below the median at baseline. Notably, the systemic levels of TSP-1 increased transiently with tasquinimod therapy. The role of TSP-1 in prostate cancer progression is controversial but recent data suggests that upregulation of TSP-1 in bone marrow-derived myeloid cells can create a metastasis-resistant environment in prostate cancer (13, 36, 37) . However, more clarity on systemic versus tumor levels needs to be obtained before the role of TSP-1 during tasquinimod therapy can be fully understood. These biomarker studies serve as hypothesis generating exercises for validation in the phase III trial.
The current analysis did not show a clear statistically significant improvement in survival in the unadjusted ITT analysis. Several limitations make it difficult to fully estimate the impact of tasquinimod on the OS results observed. First, 41 patients (61%) crossed over from placebo to tasquinimod after 3 to 6 months of treatment at a mean time of approximately 5 months. Men with a more favorable prognostic profile (lack of strong pain, long PSA doubling time) crossed-over, reducing the probability of observing an OS benefit if truly present. A second limitation is that due to chance imbalances at randomization, patients with visceral disease were overrepresented on tasquinimod. This may have resulted in differences in PFS, OS, and biomarker results as a result of chance due to the relatively small sample size. In addition, patients in the placebo arm A-A OL N=34 P-A DB N=67 P-A OL N=41 Table  S1 ). Thus, multivariable analysis can be helpful in correcting for these imbalances. In addition, in an exploratory analysis, we evaluated patients in the more balanced bonemetastatic subgroup. Here, a clear trend for a survival benefit was observed with a 7.1-month difference, corresponding to an approximately 30% lower risk of death in the tasquinimod arm. Notably, patients with bone metastases also had the greatest PFS benefit with an HR of 0.57 (17) .
In addition to the treatment arm, baseline PSA and presence of pain were found to be the strongest prognostic factors for OS and PFS in multivariable analysis, as were hemoglobin and LDH to a lower extent. Each of these factors has been previously validated (20, 21) , but, importantly, the tasquinimod treatment group was significantly associated with both improved PFS and OS when these factors were considered and adjusted for (Table 1 ). In the double-blind phase of this trial, gastrointestinal side effects, fatigue, and muscle and joint pain were the most frequently reported side effects in both arms and more frequent in the tasquinimod arm. Notably, these side effects were transient in nature occurring more often during the first 2 months of treatment; thereafter, gastrointestinal side effects were at a level similar to what was observed using placebo. Notably, the number of grade 3 and 4 side effects was low, and decreased further after 6 months of treatment. This improvement in perceived tolerability could be due to the dropout of men with more severe side effects or due to improved tolerability due to supportive measures, dose reductions, or adaptations to toxicity over time. Overall, the safety profile is highly acceptable for use as monotherapy and minimizes the risk to patients in receiving future systemic therapies. In addition, the safety data in older men suggests that dose reductions may permit the safe continuation of therapy at lower doses that achieve similar drug levels as in younger men, due to reduced clearance.
In conclusion, the current data suggest an overall favorable efficacy and safety profile for tasquinimod and not only justify its evaluation as a single agent in the pre-docetaxel phase III trial, powered to show a clinically meaningful OS benefit, but also justify further combination studies with other active systemic therapies in men with CRPC. Tasquinimod's mechanism of action is not necessarily prostate cancer specific and further evaluation in other tumor types is also warranted. 
